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Neutron stars (NSs) serve as laboratories for probing strongly interacting matter at the most extreme
densities and nearly vanishing temperature. Their inner cores are expected to be dense enough to
host deconfined quark matter. Utilizing state-of-the-art theoretical and multimessenger constraints, we
statistically determine the bulk properties of dense NS matter. We show that the speed of sound can be
expressed in terms of the slope and curvature of the energy per particle. We demonstrate that the restoration
of conformal symmetry requires changing the sign of the curvature of the bulk energy per particle as a
function of energy density. Furthermore, we find that such a sign change is closely related to the peak in the
speed of sound. We argue that the curvature of the energy per particle may serve as an approximate order
parameter that signifies the onset of strongly coupled conformal matter in the NS core.
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Introduction. The main extraterrestrial laboratories of
dense nuclear matter are neutron stars (NSs), which can
host matter up to several times the saturation density
(nsat ¼ 0.16 fm−3). The key quantity that determines the
observed properties of these objects is the equation of state
(EOS). One of the goals of multimessenger astrophysics is
to determine the EOS of dense nuclear matter. It is to be
expected that NSs may contain exotic matter such as exotic
hadrons, hadronic resonances, or even quark matter in their
interiors. The appearance of exotic matter is usually
associated with a strong first-order phase transition, but
other possibilities, e.g., a local peak in the speed of sound,
are also not excluded. Such nonmonotonic behaviors of the
EOS are reflected in the speed of sound, which provides
valuable insights into the microscopic description of dense
matter. At T ¼ 0 it is given as

c2s ≡ dp
dϵ

¼ n
μ

dμ
dn

; ð1Þ

where p is the pressure, ϵ is the energy density, n is the net-
baryon number density, and μ is the baryon chemical
potential. Low-density nuclearmatter (n≲ 2nsat) is faithfully
described by chiral effective field theory, which provided
the first indications of violation of the conformal bound of
c2s ¼ 1=3 in dense nuclear matter [1]. However, due to
the nonperturbative nature of quantum chromodynamics

(QCD) at low densities, first-principle calculations are
only accessible through perturbative QCD (pQCD) methods
at extremely high densities (n≳ 40nsat). Nevertheless,
they confirm that the conformal limit is achieved asymp-
totically [2]. At intermediate densities, relevant for the
phenomenology of NSs, great progress in constraining the
EOS was achieved by systematic analyses of recent astro-
physical observations of the massive pulsars PSR J0740þ
6620 [3–6] and PSR J0030þ 0451 [7] by the NICER Colla-
boration and the constraint from the GW170817 event [8],
within parametric models of the EOS (see, e.g., [5,9–36]).
Recently, the trace anomaly scaled by the energy density,

Δ≡ ϵ − 3p
3ϵ

¼ 1

3
−
p
ϵ
; ð2Þ

attracted a great deal of attention in the context of neutron
stars [37]. The vanishing Δ is a consequence of conformal
invariance. The speed of sound in Eq. (1) can be expressed
in terms of Δ and its derivative as

c2s ¼
1

3
− Δ − Δ0; ð3Þ

where Δ0 ¼ dΔ=d log ϵ. The swift increase of the speed of
sound above its conformal value is related to the swift
restoration of conformality [37]. Interestingly, dense matter
shows conformal behavior in the cores of the heaviest
NSs at densities ϵ ≃ 1 GeV=fm3 [37,38]. Another impor-
tant quantity that is linked to the speed of sound and trace
anomaly is the polytropic index*michal.marczenko@uwr.edu.pl
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γ ≡ d log p
d log ϵ

¼ ϵ

p
c2s ¼

c2s
1=3 − Δ

: ð4Þ

As the scale invariance becomes restored in QCD, c2s →
1=3 and Δ → 0, thus γ → 1.
Using the thermodynamic relations dϵ ¼ μdn and

p ¼ n2dðϵ=nÞ=dn, the speed of sound can be expressed
in a different form as follows:

c2s ¼
1

μ

dp
dn

¼ 2
n
μ

dϵ=n
dn

þ n2

μ

d2ϵ=n
dn2

¼ αþ β; ð5Þ

where

α ¼ 2
c2s

c2s þ γ
¼ 2

1=3 − Δ
4=3 − Δ

; β ¼ c2s − α: ð6Þ

Notably, α and β are directly proportional to the slope and
curvature of the bulk energy per particle ϵ=n, respectively.
At low densities, the conformal symmetry is broken, i.e.,
Δ ≃ 1=3 and c2s ≃ 0. Consequently, α ≃ 0 and β ≃ c2s . On
the other hand, at high densities, the system restores its
conformal invariance, i.e., c2s → 1=3 and Δ → 0. In turn,
α → 1=2 and β → −1=6. We note that β is also related to
the compression modulus of nuclear matter [39]. Evidently,
at low densities, β is a non-negative increasing function of
the energy density. Approaching the conformal limit,
however, requires it to change the sign from positive to
negative. From Eq. (6), one sees that the curvature of the
energy per particle vanishes for c2s þ γ ¼ 2. Moreover, the
conformally broken (β > 0) and restored (β < 0) phases
can be characterized by c2s þ γ > 2 and c2s þ γ < 2, respec-
tively. We note that c2s ∈ ½0; 1� and Δ∈ ½−2=3; 1=3�, there-
fore α∈ ½0; 1� and β∈ ½−1; 1�.
In this Letter, we propose the curvature of the bulk

energy per particle as an effective measure of conformality.
We argue that the negative curvature signifies the onset of
strongly coupled conformal matter. We analyze its behavior
statistically as well as in terms of a simple parametrized
model of trace anomaly. We discuss possible implications
for the phenomenology of NSs and relations to other
important physical quantities.

Methodology. We construct an ensemble of equations of
state based on the piecewise-linear speed-of-sound para-
metrization [15]. The model has been already used in
several other works [19,21,38,40,40]. Here, we follow the
prescription provided in Ref. [19]. At densities n < 0.5nsat,
we use the Baym-Pethick-Sutherland (BPS) EOS [41]. In
the range ð0.5–1.1Þ nsat, we use the monotrope EOS,
P ¼ KnΓ, where Γ∈ ð1.77; 3.23Þ is sampled randomly
and K is matched with the BPS EOS at 0.5nsat. At densities
n≳ 40nsat, we use the pQCD results for the pressure,
density, and speed of sound of cold quark matter in
β-equilibrium [2]. The density and speed of sound can

be calculated straightforwardly from the pressure. In this
Letter, we use the pQCD results down to μpQCD¼ 2.6 GeV.
At densities 1.1nsat ≤ n ≤ nðμpQCDÞ we use the piece-

wise-linear parametrization of the speed of sound,

c2sðμÞ ¼
ðμiþ1 − μÞc2s;i þ ðμ − μiÞc2s;iþ1

μiþ1 − μi
; ð7Þ

where μi ≤ μ ≤ μiþ1. We generate N pairs of μi and c2s;i,
where μi ∈ ½μðn0Þ; μpQCD� and c2s;i ∈ ½0; 1�. The values of μ1
and c2s;1 are fixed by the values of the monotrope EOS at
n0 ¼ 1.1nsat, and μN ¼ μpQCD.
The net-baryon number density can be expressed as

nðμÞ ¼ n0 exp
Z

μ

μ0

dν
1

νc2sðνÞ
; ð8Þ

where n0 ¼ 1.1nsat and μ0 ¼ μðn0Þ. Integrating Eq. (8)
gives the pressure

pðμÞ ¼ p0 þ
Z

μ

μ0

dν nðνÞ; ð9Þ

where p0 ¼ pðμðn0ÞÞ.
In addition to requiring consistency with the pQCD

results at high densities, we impose observational astro-
physical constraints. First, we utilize the GW170817 event
measured by the LIGO/Virgo Collaboration. Viable equa-
tions of state should also result in a 1.4M⊙ NS with tidal
deformability of a 1.4M⊙ NS, Λ1.4 ¼ 190þ390

−120 [8]. Second,
we use the recently reported mass of the black widow
pulsar PSR J0952-0607 [42], M ¼ 2.35� 0.17M⊙, which
is the heaviest detected neutron star. The pulsar is also
among the fastest known rotating neutron stars and cor-
rections are required to incorporate the equivalent non-
rotating mass. As pointed out in Ref. [43], using method-
ology from Ref. [44], the uncertainty in the correction is
smaller than the uncertainty in the heavy-mass measure-
ment itself. Therefore, we require the maximal mass [i.e.,
the Tolman-Oppenheimer-Volkoff (TOV) limit] to be at
least the lower bound of the mass of PSR J0952-0607, i.e.,
MTOV ≥ 2.18M⊙. In total, we analyzed a sample of 6 × 105

equations of state with N ¼ 7 that satisfy the pQCD
boundary conditions, as well as the observational con-
straints from gravitational wave and pulsar measurements.

Results. In Fig. 1, we show the confidence intervals (CIs) of
the curvature of the energy per particle β as a function of
energy density. At low densities, β increases and develops a
maximum, similar to the speed of sound [19,38]. This is
due to the low-density behavior being dominated by the
swift increase in the speed of sound, while the trace
anomaly changes only mildly. After c2s develops a maxi-
mum, β starts to decrease driven by the monotonic decrease
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of the trace anomaly Δ. Consequently, β becomes negative
and reaches the pQCD constraint at high density with
negative values. We note that the notable peak in β at
densities close to the imposed pQCD constraint is due to
the parametrization method employed in this study, which
allows for large variations of c2s at chemical potential close
to μpQCD (see Refs. [15,19,22]). This artifact should not
affect our findings at densities below ≃ϵTOV, which are
relevant for the phenomenology of NSs.
The key result of this work is the determination of

the energy density ϵβ for the vanishing curvature of

the energy per particle β. We find the median ϵβ ¼
0.678þ0.091ð0.382Þ

−0.076ð0.221Þ GeV=fm3 at 1σð2σÞ CI. We note that,

in general, the current multimessenger constraints do
not forbid β to change the sign multiple times. We

find that this usually happens well above ϵTOV ¼
1.073þ0.071ð0.267Þ

−0.070ð0.202Þ GeV=fm3 at 1σð2σ) CI and, thus, is not

relevant to the results reported in this Letter. In our
sample, we find the position of the maximum of speed

of sound at ϵpeak ¼ 0.500þ0.0870ð0.446Þ
−0.067ð0.166Þ GeV=fm3 at 1σð2σÞ

CI. Remarkably, the curvature β vanishes consistently at
densities between ϵpeak and ϵTOV. We note that the peak in
c2s can be phenomenologically interpreted by connecting it
to the phase boundary obtained in first-principles lattice
QCD calculations and percolation threshold extracted from
heavy-ion collision experiments [38]. Following the above
discussion, one can conclude that the change in the sign
of curvature of the energy per particle can be connected
with the existence of the maximum in speed of sound.

Therefore, the negative curvature of the energy per particle
in the interior of NSs can be attributed to the change in
medium composition.
To qualitatively understand the structure of β, we

consider a minimal parametrization of monotonically
decreasing Δ that fits the observational data [37],

ΔðϵÞ ¼ 1

3
−
1

3

1

e−κðη−ηcÞ þ 1

�
1 −

A
Bþ η2

�
; ð10Þ

where κ ¼ 3.45, ηc ¼ 1.2, A ¼ 2, B ¼ 20, η ¼ log ϵ=ϵ0,
and ϵ ¼ 0.15 GeV=fm3. We note that Δ ≥ 0 in this model.
In Fig. 2, we show β and its decomposition [see Eq. (6)]
using the model introduced in Eq. (10). At small densities,
α < c2s and β is positive, owing to increasing c2s and mildly
changing Δ. The most interesting is the behavior around
ϵ ¼ 0.4–0.9 GeV=fm3. The speed of sound develops a
peak at a value above the conformal value of 1=3. Because
Δ in Eq. (10) is a monotonic function, α increases smoothly
from 0 to 1=2. Eventually, the speed of sound develops a
maximum, signaling swift restoration of conformality [37].
Consequently, α > c2s , and β becomes negative at ϵ≈
0.8 GeV=fm3. From the decomposition of β, it is clear
that negative curvature of energy per particle signals the
restoration of conformal symmetry. At high densities, the
speed of sound has to converge to the conformal value 1=3.
Therefore, our interpretation is valid regardless of the
height of the peak in c2s .
We also indicate that the additional requirement of the

positive definiteness of Δ allows us to find constraints for
c2s;β and γβ at which the curvature of energy per particle
vanishes. From Eq. (6), the condition β ¼ 0 implies the
following relations:

FIG. 1. The curvature of the energy per particle β as a function
of energy density. Shown are results at 1σ (68%) and 2σ (95%)
confidence intervals. Additionally, marked are 1σ and 2σ esti-
mates of energy densities for centers of 1.4M⊙ NSs (green), the
peak of the speed of sound (purple), vanishing curvature of the
energy per particle (gray), and centers of maximally massive NSs
(blue). The orange band at high densities shows the pQCD
constraint. The horizontal, dashed black line marks β ¼ 0.

FIG. 2. Curvature of the energy per particle β and its decom-
position [see Eq. (6) for details] in the parametrized model
from Eq. (10). Solid lines indicate the limiting values in the
conformally symmetric phase (see text). Gray, dashed lines
mark β ¼ 0.
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c2s;β þ γβ ¼ 2 ð11Þ

and

Δβ ¼
4

3

c2s;β − 1=2

c2s;β − 2
¼ 4

3

γβ − 3=2

γβ
: ð12Þ

Under the assumption that Δ ≥ 0, from Eq. (12), one gets
that c2s;β ≤ 1=2 and γβ ≥ 3=2. We confirm that indeed in the
parametrized model β ¼ 0 is characterized by c2s;β ≈ 0.4
and γβ ≈ 1.6, which is consistent with the extracted inequal-
ities (see Fig. 3). We note that, in principle, violation of the
above inequalities would imply Δ < 0.
In Fig. 4, we compile several physical quantities as

functions of energy density: the speed of sound c2s ,
polytropic index γ, trace anomaly Δ, and a measure of
conformality dc. The last quantity was recently proposed
as an effective measure of the restoration of conformal
symmetry and combines the trace anomaly Δ and its
logarithmic derivative with respect to energy density Δ0
into a single quantity [45],

dc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ ðΔ0Þ2

q
: ð13Þ

At low density dc ≃ 1=3, but as the conformal symmetry is
restored, dc → 0.
Interestingly, all quantities shown in Fig. 4 manifest

nontrivial behavior within our estimate for the energy
density of vanishing curvature of energy per particle.
The extracted values of the parameters are listed in
Table I. They are consistent with the threshold values

adopted in the literature, γ ¼ 1.75 [15] and dc ¼ 0.2 [45].
From the condition in Eq. (11) one may show that
dc;β ≳ 0.16. We also illustrate this in the parametrized
model from Eq. (10) in Fig. 3 with a similar conclusion. We
obtain dc;β ≈ 0.17, c2s;β ≈ 0.4, and γβ ≈ 1.6. We also con-
firmed that the condition in Eq. (11) holds in the ensemble
of equations of state considered in this Letter. Our results
signify the role of the curvature of the energy per particle in
quantifying the onset of deconfined/conformal matter. We
note that finite-temperature effects would introduce addi-
tional terms in Eq. (1). Thus, in general, the decomposition
of the speed of sound in Eq. (5) is not valid at finite
temperature. Nevertheless, these effects are expected to be
small at relatively low temperature. Thus, the demarcation
of the conformal regime with negative curvature of the

FIG. 3. Comparison of physical quantities obtained in the
parametrized model in Eq. (10). Solid lines indicate the limiting
values in the conformally symmetric phase (see text). Gray,
dashed lines mark β ¼ 0. Circles indicate criteria for identifica-
tion of conformal matter, γ ¼ 1.75 [15], dc ¼ 0.2 [45], β ¼ 0
(this Letter).

FIG. 4. The speed of sound c2s , polytropic index γ, trace
anomaly Δ, measure of conformality dc as functions of energy
density. Shown are results at 1σ (68%) and 2σ (95%) confidence
intervals. The gray region shows 1σ and 2σ estimates of energy
density for vanishing curvature of the energy per particle,
i.e., β ¼ 0.
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energy per particle should remain valid at relatively low
temperature. We plan to elaborate on this issue elsewhere.
Finally, we remark on the first-order phase transition

(FOPT). In general, a FOPT implies a plateau of constant
pressure between two values of energy density, ϵL and ϵR,
i.e., pðϵL ≤ ϵ ≤ ϵRÞ ¼ pT ¼ const. In turn, the speed of
sound vanishes c2sðϵL ≤ ϵ ≤ ϵRÞ ¼ 0. On the other hand,
the trace anomaly Δ increases from ϵL to ϵR, i.e., ΔðϵRÞ >
ΔðϵLÞ. Consequently, FOPT acts against the restoration
of conformal symmetry. However, the curvature of the
energy per particle β becomes negative. Thus, the sign
change of β can potentially be also linked to the FOPT in
dense matter. Nevertheless, having an array of various
physical quantities at our disposal allows us to discriminate
this scenario from a continuous restoration of conformality.
We also note that at present there is very limited evidence
favoring strong FOPT (see, e.g., studies based on Bayesian
inference [43] and recent lattice QCD results featuring a
peak in c2s at vanishing temperature and finite isospin
chemical potential [46]). Certainly, new data from the next
LIGO observation run, as well as the third generation of
gravitational-wave detectors, will allow us to determine if
there are discontinuities such as a FOPT in the cores
of NSs.

Conclusions. We have statistically determined the bulk
properties of the neutron star equation of state in view of
current multimessenger constraints. We provided new
arguments that dense matter in the cores of the most
massive NSs may be almost conformal. We proposed a
new criterion of conformality, the curvature of energy per
particle. This quantity is positive at low densities and

dominated by the swift increase in the speed of sound,
which develops a peak, signaling fast approach to con-
formality [37]. We demonstrated that the curvature of
energy per particle must become negative as conformal
symmetry is restored. We have shown that this changeover
happens at energy densities between central energy den-
sities of canonical 1.4M⊙ and maximally massive NSs.
Therefore, the most massive NSs may contain almost
conformal matter. Moreover, we found that it is closely
related to the position of the peak in the speed of sound,
which strongly indicates a phase change in dense medium
[38]. We also confirmed that our criterion is consistent with
other criteria used in the literature.
It is desired to further explore our findings within

effective models of the NS matter to determine microscopic
characteristics of the QCD EOS related to the onset of the
strongly coupled conformal matter.
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TABLE I. Estimates of the selected properties of dense matter at the center of 1.4M⊙ neutron star (M1.4), at the
peak of the speed of sound (c2s;peak), changeover to conformal regime (β ¼ 0), maximally massive neutron star
(MTOV), and conformal equation of state in the high-density limit (pQCD). Error bars are given at 1σ (2σ)
confidence level.

ϵ (GeV=fm3) c2s γ Δ dc β

M1.4 0.406þ0.027ð0.105Þ
−0.024ð0.066Þ 0.60þ0.08ð0.24Þ

−0.08ð0.21Þ 3.94þ0.43ð1.62Þ
−0.39ð1.15Þ 0.186þ0.004ð0.012Þ

−0.005ð0.020Þ 0.48þ0.07ð0.23Þ
−0.06ð0.17Þ 0.33þ0.07ð0.24Þ

−0.06ð0.19Þ
c2s;peak 0.500þ0.087ð0.446Þ

−0.067ð0.166Þ 0.86þ0.06ð0.13Þ
−0.07ð0.26Þ 3.73þ0.67ð2.57Þ

−0.66ð1.81Þ 0.11þ0.04ð0.11Þ
−0.05ð0.20Þ 0.61þ0.06ð0.18Þ

−0.06ð0.25Þ 0.46þ0.06ð0.20Þ
−0.07ð0.27Þ

β ¼ 0 0.678þ0.091ð0.382Þ
−0.076ð0.221Þ 0.51þ0.04ð0.13Þ

−0.04ð0.13Þ 1.49þ0.04ð0.13Þ
−0.04ð0.13Þ −0.01þ0.03ð0.11Þ

−0.03ð0.13Þ 0.173þ0.009ð0.056Þ
−0.005ð0.011Þ

0

MTOV 1.073þ0.071ð0.267Þ
−0.070ð0.202Þ 0.28þ0.06ð0.27Þ

−0.06ð0.20Þ 0.80þ0.13ð0.59Þ
−0.15ð0.53Þ −0.02þ0.03ð0.10Þ

−0.03ð0.11Þ 0.12þ0.04ð0.17Þ
−0.03ð0.90Þ −0.24þ0.05ð0.22Þ

−0.05ð0.19Þ
pQCD ∞ 1=3 1 0 0 −1=6

CURVATURE OF THE ENERGY PER PARTICLE IN NEUTRON … PHYS. REV. D 109, L041302 (2024)

L041302-5



[1] I. Tews, J. Carlson, S. Gandolfi, and S. Reddy, Constraining
the speed of sound inside neutron stars with chiral effective
field theory interactions and observations, Astrophys. J.
860, 149 (2018).

[2] E. S. Fraga, A. Kurkela, and A. Vuorinen, Interacting quark
matter equation of state for compact stars, Astrophys. J.
Lett. 781, L25 (2014).

[3] H. T. Cromartie et al., Relativistic Shapiro delay measure-
ments of an extremely massive millisecond pulsar, Nat.
Astron. 4, 72 (2019).

[4] E. Fonseca et al., Refined mass and geometric measure-
ments of the high-mass PSR J0740þ 6620, Astrophys. J.
Lett. 915, L12 (2021).

[5] M. C. Miller et al., The radius of PSR J0740þ 6620 from
NICER and XMM-Newton data, Astrophys. J. Lett. 918,
L28 (2021).

[6] T. E. Riley et al., A NICER view of the massive pulsar PSR
J0740þ 6620 informed by radio timing and XMM-Newton
spectroscopy, Astrophys. J. Lett. 918, L27 (2021).

[7] M. C. Miller et al., PSR J0030þ 0451mass and radius from
NICER data and implications for the properties of neutron
star matter, Astrophys. J. 887, L24 (2019).

[8] B. P. Abbott et al. (LIGO Scientific and Virgo Collabora-
tions), GW170817: Measurements of neutron star radii and
equation of state, Phys. Rev. Lett. 121, 161101 (2018).

[9] K. Hebeler, J. M. Lattimer, C. J. Pethick, and A. Schwenk,
Equation of state and neutron star properties constrained by
nuclear physics and observation, Astrophys. J. 773, 11
(2013).

[10] M. G. Alford, S. Han, and M. Prakash, Generic conditions
for stable hybrid stars, Phys. Rev. D 88, 083013 (2013).

[11] A. Kurkela, E. S. Fraga, J. Schaffner-Bielich, and A.
Vuorinen, Constraining neutron star matter with quantum
chromodynamics, Astrophys. J. 789, 127 (2014).

[12] M. G. Alford and A. Sedrakian, Compact stars with se-
quential QCD phase transitions, Phys. Rev. Lett. 119,
161104 (2017).

[13] E. R. Most, L. R. Weih, L. Rezzolla, and J. Schaffner-
Bielich, New constraints on radii and tidal deformabilities
of neutron stars from GW170817, Phys. Rev. Lett. 120,
261103 (2018).

[14] J. J. Li, A. Sedrakian, and M. Alford, Relativistic hybrid
stars in light of the NICER PSR J0740þ 6620 radius
measurement, Phys. Rev. D 104, L121302 (2021).

[15] E. Annala, T. Gorda, A. Kurkela, J. Nättilä, and A.
Vuorinen, Evidence for quark-matter cores in massive
neutron stars, Nat. Phys. 16, 907 (2020).

[16] R. Somasundaram, I. Tews, and J. Margueron, Investigating
signatures of phase transitions in neutron-star cores, Phys.
Rev. C 107, 025801 (2023).

[17] E. Annala, T. Gorda, A. Kurkela, and A. Vuorinen,
Gravitational-wave constraints on the neutron-star-
matter equation of state, Phys. Rev. Lett. 120, 172703
(2018).

[18] I. Tews, J. Margueron, and S. Reddy, Critical examination
of constraints on the equation of state of dense matter
obtained from GW170817, Phys. Rev. C 98, 045804
(2018).

[19] S. Altiparmak, C. Ecker, and L. Rezzolla, On the sound
speed in neutron stars, Astrophys. J. Lett. 939, L34 (2022).

[20] D. Mroczek, M. C. Miller, J. Noronha-Hostler, and N.
Yunes, Nontrivial features in the speed of sound inside
neutron stars, arXiv:2309.02345.

[21] C. Ecker and L. Rezzolla, A general, scale-independent
description of the sound speed in neutron stars, Astrophys.
J. Lett. 939, L35 (2022).

[22] J.-L. Jiang, C. Ecker, and L. Rezzolla, Bayesian analysis of
neutron-star properties with parameterized equations of
state: The role of the likelihood functions, Astrophys. J.
949, 11 (2023).

[23] L. Brandes, W. Weise, and N. Kaiser, Inference of the sound
speed and related properties of neutron stars, Phys. Rev. D
107, 014011 (2023).

[24] J.-E. Christian and J. Schaffner-Bielich, Confirming the
existence of twin stars in a NICER way, Astrophys. J. 935,
122 (2022).

[25] P. Kovács, J. Takátsy, J. Schaffner-Bielich, and G. Wolf,
Neutron star properties with careful parametrization in
the vector and axial-vector meson extended linear sigma
model, Phys. Rev. D 105, 103014 (2022).

[26] J. Takatsy, P. Kovacs, G. Wolf, and J. Schaffner-Bielich,
What neutron stars tell about the hadron-quark phase
transition: A Bayesian study, Phys. Rev. D 108, 043002
(2023).

[27] T. Dietrich, M.W. Coughlin, P. T. H. Pang, M. Bulla, J.
Heinzel, L. Issa, I. Tews, and S. Antier, Multimessenger
constraints on the neutron-star equation of state and the
Hubble constant, Science 370, 1450 (2020).

[28] P. Landry, R. Essick, and K. Chatziioannou, Nonparametric
constraints on neutron star matter with existing and upcom-
ing gravitational wave and pulsar observations, Phys. Rev.
D 101, 123007 (2020).

[29] M. Al-Mamun, A.W. Steiner, J. Nättilä, J. Lange, R.
O’Shaughnessy, I. Tews, S. Gandolfi, C. Heinke, and S.
Han, Combining electromagnetic and gravitational-wave
constraints on neutron-star masses and radii, Phys. Rev.
Lett. 126, 061101 (2021).

[30] R. Essick, I. Tews, P. Landry, and A. Schwenk, Astrophysi-
cal constraints on the symmetry energy and the neutron skin
of Pb208 with minimal modeling assumptions, Phys. Rev.
Lett. 127, 192701 (2021).

[31] G. Raaijmakers, S. K. Greif, K. Hebeler, T. Hinderer, S.
Nissanke, A. Schwenk, T. E. Riley, A. L. Watts, J. M.
Lattimer, and W. C. G. Ho, Constraints on the dense
matter equation of state and neutron star properties from
NICER’s mass–radius estimate of PSR J0740þ 6620 and
multimessenger observations, Astrophys. J. Lett. 918, L29
(2021).

[32] S. Huth et al., Constraining neutron-star matter with micro-
scopic and macroscopic collisions, Nature (London) 606,
276 (2022).

[33] C. D. Capano, I. Tews, S. M. Brown, B. Margalit, S. De,
S. Kumar, D. A. Brown, B. Krishnan, and S. Reddy,
Stringent constraints on neutron-star radii from multimes-
senger observations and nuclear theory, Nat. Astron. 4, 625
(2020).

[34] G. Raaijmakers et al., Constraining the dense matter
equation of state with joint analysis of NICER and
LIGO/Virgo measurements, Astrophys. J. Lett. 893, L21
(2020).

MARCZENKO, REDLICH, and SASAKI PHYS. REV. D 109, L041302 (2024)

L041302-6

https://doi.org/10.3847/1538-4357/aac267
https://doi.org/10.3847/1538-4357/aac267
https://doi.org/10.1088/2041-8205/781/2/L25
https://doi.org/10.1088/2041-8205/781/2/L25
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.1038/s41550-019-0880-2
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac03b8
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac089b
https://doi.org/10.3847/2041-8213/ac0a81
https://doi.org/10.3847/2041-8213/ab50c5
https://doi.org/10.1103/PhysRevLett.121.161101
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1088/0004-637X/773/1/11
https://doi.org/10.1103/PhysRevD.88.083013
https://doi.org/10.1088/0004-637X/789/2/127
https://doi.org/10.1103/PhysRevLett.119.161104
https://doi.org/10.1103/PhysRevLett.119.161104
https://doi.org/10.1103/PhysRevLett.120.261103
https://doi.org/10.1103/PhysRevLett.120.261103
https://doi.org/10.1103/PhysRevD.104.L121302
https://doi.org/10.1038/s41567-020-0914-9
https://doi.org/10.1103/PhysRevC.107.025801
https://doi.org/10.1103/PhysRevC.107.025801
https://doi.org/10.1103/PhysRevLett.120.172703
https://doi.org/10.1103/PhysRevLett.120.172703
https://doi.org/10.1103/PhysRevC.98.045804
https://doi.org/10.1103/PhysRevC.98.045804
https://doi.org/10.3847/2041-8213/ac9b2a
https://arXiv.org/abs/2309.02345
https://doi.org/10.3847/2041-8213/ac8674
https://doi.org/10.3847/2041-8213/ac8674
https://doi.org/10.3847/1538-4357/acc4be
https://doi.org/10.3847/1538-4357/acc4be
https://doi.org/10.1103/PhysRevD.107.014011
https://doi.org/10.1103/PhysRevD.107.014011
https://doi.org/10.3847/1538-4357/ac75cf
https://doi.org/10.3847/1538-4357/ac75cf
https://doi.org/10.1103/PhysRevD.105.103014
https://doi.org/10.1103/PhysRevD.108.043002
https://doi.org/10.1103/PhysRevD.108.043002
https://doi.org/10.1126/science.abb4317
https://doi.org/10.1103/PhysRevD.101.123007
https://doi.org/10.1103/PhysRevD.101.123007
https://doi.org/10.1103/PhysRevLett.126.061101
https://doi.org/10.1103/PhysRevLett.126.061101
https://doi.org/10.1103/PhysRevLett.127.192701
https://doi.org/10.1103/PhysRevLett.127.192701
https://doi.org/10.3847/2041-8213/ac089a
https://doi.org/10.3847/2041-8213/ac089a
https://doi.org/10.1038/s41586-022-04750-w
https://doi.org/10.1038/s41586-022-04750-w
https://doi.org/10.1038/s41550-020-1014-6
https://doi.org/10.1038/s41550-020-1014-6
https://doi.org/10.3847/2041-8213/ab822f
https://doi.org/10.3847/2041-8213/ab822f


[35] R. Essick, P. Landry, and D. E. Holz, Nonparametric
inference of neutron star composition, equation of state,
and maximum mass with GW170817, Phys. Rev. D 101,
063007 (2020).

[36] M.-Z. Han, Y.-J. Huang, S.-P. Tang, and Y.-Z. Fan, Plausible
presence of new state in neutron stars with masses above
0.98MTOV, Sci. Bull. 68, 913 (2023).

[37] Y. Fujimoto, K. Fukushima, L. D. McLerran, and M.
Praszalowicz, Trace anomaly as signature of conformality
in neutron stars, Phys. Rev. Lett. 129, 252702 (2022).

[38] M. Marczenko, L. McLerran, K. Redlich, and C. Sasaki,
Reaching percolation and conformal limits in neutron stars,
Phys. Rev. C 107, 025802 (2023).

[39] O. Ivanytskyi and D. B. Blaschke, Recovering the con-
formal limit of color superconducting quark matter within a
confining density functional approach, Particles 5, 514
(2022).

[40] E. Annala, T. Gorda, E. Katerini, A. Kurkela, J. Nättilä, V.
Paschalidis, and A. Vuorinen, Multimessenger constraints
for ultradense matter, Phys. Rev. X 12, 011058 (2022).

[41] G. Baym, C. Pethick, and P. Sutherland, The ground state of
matter at high densities: Equation of state and stellar models,
Astrophys. J. 170, 299 (1971).

[42] R. W. Romani, D. Kandel, A. V. Filippenko, T. G. Brink,
and W. Zheng, PSR J0952-0607: The fastest and heaviest
known Galactic neutron star, Astrophys. J. Lett. 934, L17
(2022).

[43] L. Brandes, W. Weise, and N. Kaiser, Evidence against a
strong first-order phase transition in neutron star cores:
Impact of new data, Phys. Rev. D 108, 094014 (2023).

[44] A. Konstantinou and S. M. Morsink, Universal relations for
the increase in the mass and radius of a rotating neutron star,
Astrophys. J. 934, 139 (2022).

[45] E. Annala, T. Gorda, J. Hirvonen, O. Komoltsev, A.
Kurkela, J. Nättilä, and A. Vuorinen, Strongly interacting
matter exhibits deconfined behavior in massive neutron
stars, Nat. Commun. 14, 8451 (2023).

[46] B. B. Brandt, F. Cuteri, and G. Endrodi, Equation of state
and speed of sound of isospin-asymmetric QCD on the
lattice, J. High Energy Phys. 07 (2023) 055.

CURVATURE OF THE ENERGY PER PARTICLE IN NEUTRON … PHYS. REV. D 109, L041302 (2024)

L041302-7

https://doi.org/10.1103/PhysRevD.101.063007
https://doi.org/10.1103/PhysRevD.101.063007
https://doi.org/10.1016/j.scib.2023.04.007
https://doi.org/10.1103/PhysRevLett.129.252702
https://doi.org/10.1103/PhysRevC.107.025802
https://doi.org/10.3390/particles5040038
https://doi.org/10.3390/particles5040038
https://doi.org/10.1103/PhysRevX.12.011058
https://doi.org/10.1086/151216
https://doi.org/10.3847/2041-8213/ac8007
https://doi.org/10.3847/2041-8213/ac8007
https://doi.org/10.1103/PhysRevD.108.094014
https://doi.org/10.3847/1538-4357/ac7b86
https://doi.org/10.1038/s41467-023-44051-y
https://doi.org/10.1007/JHEP07(2023)055

